Introduction {#s01}
============

Spontaneous intracerebral hemorrhage (ICH) results from the rupture of small vessels damaged by chronic hypertension or amyloid angiopathy. The subsequent extravasation of erythrocytes produces a dynamic, space-occupying intracranial hematoma that is associated with mechanical tissue destruction, edema development, elevated intracranial pressure, enhanced microvascular compression, regional cerebral hypoperfusion, and poor clinical outcomes ([@bib66]; [@bib22]; [@bib12]). Hematoma volume also is strongly correlated with the severity of white matter injury in ICH patients ([@bib47]). The Guidelines for the Management of Spontaneous ICH in Adults recommend surgical clot evacuation in neurologically deteriorating patients (Class IIb, Level of Evidence C) and in patients presenting with lobar clots \>30 ml and within 1 cm from the surface (Class IIb, Level of Evidence B; [@bib30]); however, the benefits of neurosurgical clot evacuation remain unclear for most ICH patients (Class IIb, Level of Evidence A; [@bib30]). Along these lines, the multi-center, randomized Surgical Trial in ICH failed to observe an overall benefit of early surgical hematoma evacuation in supratentorial ICH, as compared with conservative management ([@bib54]). Similarly, the effectiveness of stereotactic or endoscopic clot aspiration with thrombolytic usage remains uncertain (Class IIb, Level of Evidence B; [@bib61]; [@bib75]; [@bib76]; [@bib2]; [@bib51]; [@bib27]). As such, medical management remains the standard of care for most ICH patients, leading to the designation of ICH as the least treatable form of stroke.

In the absence of surgical evacuation, intact erythrocytes persist within the parenchyma for days after ICH (2--3 d in rodents; 5--10 d in humans) before hemolytic breakdown ([@bib14]; [@bib80]; [@bib35]). Hemolysis aids in intrinsic clot resolution, yet the simultaneous liberation of heme products elevates brain-free iron concentrations, increases oxidative damage, and exacerbates neurological injury ([@bib68]; [@bib46]; [@bib11]; [@bib36]; [@bib82]; [@bib3]; [@bib59], [@bib60]; [@bib48]; [@bib29]; [@bib73]; [@bib65]). Thus, erythrocyte removal during the acute and sub-acute phase of injury may profoundly improve both acute and long-term patient prognoses. Macrophages are professional phagocytes that engulf pathogens and cellular debris after infection or tissue injury. Central nervous system (CNS) infiltration of peripheral macrophages temporally and spatially correlated with spontaneous hematoma clearance after ICH ([@bib83]; [@bib28]), suggesting a potential role for innate immune mediators in neurological recovery after ICH. Macrophages polarize along a continuum, based on microenvironmental cues, to generate divergent, context-specific functions. In support of this assertion, "classically activated" macrophages release pro-inflammatory cytokines to remove damaged cells from sites of injury, yet chronic activation exacerbates secondary damage and impairs tissue repair ([@bib50]). Conversely, "alternatively activated" macrophages release anti-inflammatory cytokines to dampen immune responses and to promote wound healing ([@bib26]). Interestingly, alternatively activated macrophages were correlated with acute hematoma resolution in mice ([@bib9]). Moreover, elevated total leukocyte counts were associated with a higher risk of developing white matter lesions ([@bib40]), and elevations in classically activated macrophages predicted relapsing white matter injury after experimental multiple sclerosis ([@bib56]). These findings suggest the identification of clinically amenable therapeutic approaches that enhance alternatively activated macrophage activity may accelerate hematoma resolution and improve long-term ICH patient outcomes.

Transient bouts of "sub-lethal" ischemia, delivered either before or after an insult, increased tissue resiliency in multiple models of ischemia-reperfusion injury via a process deemed ischemic conditioning ([@bib58]; [@bib81]; [@bib13]). More recently, remote-limb ischemic post-conditioning (RIC), the repetitive inflation--deflation of a blood pressure cuff on a limb, noninvasively reduced ischemic tissue damage ([@bib1]). RIC was efficacious in clinical trials for myocardial infarction ([@bib5]) and intracranial stenosis ([@bib55]) and was well tolerated in both acute ischemic stroke ([@bib18]) and subarachnoid hemorrhage patients ([@bib42]; [@bib24], [@bib25]), with no adverse effects on coagulation profiles ([@bib52]). While these early stage clinical trials are indicative of the safety, versatility, and translational potential of RIC in critically ill patients, the utility for nonischemic brain injuries, including ICH, is undemonstrated. Interestingly, remote ischemic preconditioning shifted the metabolic profile after experimental myocardial infarction and in patients undergoing elective aortic valve replacement ([@bib10]). Consistent with these observations, activation of the metabolic sensor, 5′ adenosine monophosphate-activated protein kinase (AMPK), correlated with cardioprotection after ischemic preconditioning in rabbits ([@bib62]), although the functional implications were unexplored. As changes in cellular metabolism regulate immune effector responses ([@bib64]), we hypothesized that RIC improves neurological outcomes via immunometabolic regulation after ICH.

Results {#s02}
=======

RIC accelerates spontaneous hematoma resolution after ICH {#s03}
---------------------------------------------------------

To test the hypothesis that RIC improves ICH outcomes, a collagenase injury model was used to recapitulate the spontaneous vascular rupture and dynamic hematoma expansion observed after clinical ICH. Initiation of once-daily bilateral RIC beginning at 2 h after ICH, which transiently reduced hind limb blood flow to ∼65--70% of baseline during cuff inflation with a return to 100% of baseline upon cuff deflation (Fig. S1), reduced hematoma volume by 43% (P \< 0.001 vs. mock conditioning; [Fig. 1 A](#fig1){ref-type="fig"}) and improved cerebral blood flow by 24% (P \< 0.001 vs. mock conditioning), as compared with mock-conditioned mice after ICH ([Fig. 1 B](#fig1){ref-type="fig"}) at day 5 after injury. Conversely, no statistically significant differences in either hematoma volume or cerebral perfusion were observed at 24 or 72 h after ICH (Fig. S2), suggesting RIC accelerated hematoma resorption rather than attenuated clot formation/expansion. In line with this assertion, RIC reduced hematoma volume by 47% at 6 d following intracerebral placement of a fixed volume of autologous blood (P \< 0.05 vs. mock conditioning; [Fig. 1, C and D](#fig1){ref-type="fig"}). In contrast, RIC did not affect total hematoma volume at day 3 in the autologous blood model, although migration of blood toward the cerebral ventricles was prominent at this earlier time point ([Fig. 1, C and D](#fig1){ref-type="fig"}), potentially reflecting an early step in hematoma clearance.

![**RIC promotes delayed hematoma resolution and improves outcomes after ICH**. **(A)** Mixed sex C57BL/6J littermates were randomized to receive once-daily mock conditioning or bilateral RIC beginning at 2 h after sham or collagenase-induced ICH. At day 5, hematoma area was quantified in serial 2-mm coronal slices. Bar, 4 mm. Data are mean ± SEM from *n* = 8 mice/group and were analyzed by one-way ANOVA followed by Tukey's post-hoc test (\*\*\*, P \< 0.001). Data are representative of two independent experiments. **(B)** Mixed sex C57BL/6J littermates were randomized to receive once-daily mock conditioning or bilateral RIC beginning at 2 h after sham or collagenase-induced ICH. At day 5, peri-hematoma blood flow was assessed by laser speckle contrast imaging. Bar, 4 mm. Data are mean ± SEM from *n* = 8 mice/group and were analyzed by one-way ANOVA followed by Tukey's post-hoc test (\*\*\*, P \< 0.001; ns, not statistically significant). Data are representative of two independent experiments. **(C and D)** Mixed sex C57BL/6J littermates were randomized to receive once-daily mock conditioning or bilateral RIC beginning at 2 h after sham or intrastriatal placement of 30 µl autologous blood. Littermates were randomized to receive once-daily mock conditioning or bilateral RIC beginning at 2 h after ICH. At day 3 and 6 after injury, hematoma area was quantified in serial 2-mm coronal slices. Bar, 4 mm. Data are mean ± SEM from *n* = 5--10 mice/group and were analyzed by one-way ANOVA followed by Tukey's post-hoc test (\*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; ns, not statistically significant). Data are representative of two independent experiments.](JEM_20171905_Fig1){#fig1}

The presence of an intrastriatal hematoma is associated with functional deficits in motor coordination; thus, we next assessed the effect of RIC on neurological improvement. Delivery of once-daily RIC beginning at 2 h after ICH reduced focal deficits (P \< 0.001 vs. ICH with mock conditioning) and normalized the left/right swing ratio in an elevated body swing test (P \< 0.01 vs. ICH with mock conditioning, not significantly different from sham) at day 5 after ICH ([Fig. 2 A](#fig2){ref-type="fig"}), demonstrating a role for RIC in improving asymmetry motor behavior after collagenase-induced ICH. RIC also induced a 34% reduction in the time required to transverse a narrow beam (P \< 0.05 vs. ICH with mock conditioning, not significantly different from sham; [Fig. 2 A](#fig2){ref-type="fig"}), further demonstrating a functional improvement in motor coordination by RIC. These findings were mirrored by enhanced outcomes in the open field test, which assesses general locomotion and anxiety. Specifically, RIC normalized distance traveled and movement velocity to levels observed in sham-operated mice (P \< 0.05 vs. ICH with mock conditioning, not significantly different from sham; [Fig. 2 B](#fig2){ref-type="fig"}). In addition, RIC increased the frequency of time spent in the center zones (P \< 0.05 vs. ICH with mock conditioning, not significantly different from sham), suggesting a reduction in anxious behavior after ICH with RIC treatment ([Fig. 2 B](#fig2){ref-type="fig"}). The ability of RIC to improve behavioral outcomes after collagenase-induced ICH paralleled similar effects in the autologous blood model of ICH. Along these lines, RIC reduced the time required to transverse the narrow beam by 77% (P \< 0.001 vs. mock conditioning, not significantly different from sham) and produced a 46% improvement on the grip strength test (P \< 0.05 vs. mock conditioning), as compared with mock-conditioned mice after ICH ([Fig. 2 C](#fig2){ref-type="fig"}).

![**RIC improves neurobehavioral outcomes after ICH.** Mixed sex C57BL/6J littermates were randomized to receive once-daily mock conditioning or bilateral RIC beginning at 2 h after sham or collagenase-induced ICH. **(A)** Neurological outcomes were assessed at day 4--5 after injury, using a composite focal deficits score (a measure of global injury severity), the elevated body swing test (a task of asymmetric motor behavior), and by the narrow beam test (a measure of motor balance and coordination). Data are mean ± SEM from *n* = 10 mice/group and were analyzed by one-way ANOVA followed by Tukey's post-hoc test (\*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; ns, not statistically significant). Data are representative of two independent experiments. **(B)** Mixed sex C57BL/6J littermates were randomized to receive once-daily mock conditioning or bilateral RIC beginning at 2 h after sham or collagenase-induced ICH. At day 4 after injury, neurological outcomes were assessed using the open field test. Representative heat maps are depicted, and frequency in the center zone, distance traveled, and movement velocity were quantified. Data are mean ± SEM from *n* = 10 mice/group and were analyzed by one-way ANOVA followed by Tukey's post-hoc test (\*, P \< 0.05; ns, not statistically significant). Data are representative of two independent experiments. **(C)** Mixed sex C57BL/6J littermates were randomized to receive once-daily mock conditioning or bilateral RIC beginning at 2 h after sham or intrastriatal placement of 30 µl autologous blood. Neurobehavioral outcomes, including the narrow beam test and grip strength test, were assessed at day 6 after injury. Data are mean ± SEM from *n* = 5--10 mice/group and were analyzed by one-way ANOVA followed by Tukey's post-hoc test (\*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; ns, not statistically significant). Data are representative of two independent experiments.](JEM_20171905_Fig2){#fig2}

RIC improves ICH outcomes via innate immune modulation {#s04}
------------------------------------------------------

We explored the mechanisms whereby noninvasive cuff inflation on a remote limb accelerated hematoma resolution within the CNS. To ascertain whether humoral factors mediated the observed effects, we generated parabiotic pairs that allow blood exchange between surgically conjoined mice ([Fig. 3, A and B](#fig3){ref-type="fig"}). RIC on the uninjured pair-mate accelerated hematoma clearance in the injured pair-mate whereas mock conditioning was ineffective ([Fig. 3, B and C](#fig3){ref-type="fig"}). As these data implicated circulating factors, rather than direct neural stimulation, in neurovascular improvement by RIC, we next sought to identify the factor(s) underlying these beneficial effects after ICH.

![**Humoral factors mediate RIC-induced hematoma resolution. (A)** Parabiotic pairs (*n* = 6 pairs/group) were generated using age-matched male C57BL/6J mice and randomized to treatment arms, as illustrated. In all pairs, the left pair mate was treated with either once-daily mock conditioning or RIC for 5 d without injury. The right pair mate was untreated and received either a sham injury or ICH. **(B)** Photograph of a representative parabiotic pair (left). Mock conditioning or RIC was performed in the left pair mate and sham/ICH was performed on the right pair mate, as indicated. Representative MRI brain scans at day 5 after ICH (right). The brain on the left side is uninjured, and the perimeter of the hematoma is indicated by a red dotted line in the brain on the right side. Bar, 2 mm. **(C)** Quantification of hematoma volume, as assessed by MRI. Data are mean ± SEM from *n* = 6 pairs/treatment group. Data are representative of two independent experiments and were analyzed by Student's *t* test (\*\*, P \< 0.01).](JEM_20171905_Fig3){#fig3}

Professional phagocytes remove damaged cells and debris after injury and macrophage infiltration temporally correlated with hematoma resolution after experimental ICH. To establish a causative role in accelerating hematoma resolution by RIC, we selectively depleted \>92% of myeloid cells using clodronate-encapsulated liposomes (clodrosome) before sham/ICH ([Fig. 4 A](#fig4){ref-type="fig"}). Whereas administration of empty liposomes (encapsome) did not affect RIC-mediated clot resolution or edema formation ([Fig. 4 B](#fig4){ref-type="fig"}), clodrosome administration delayed intrinsic clot resolution and completely reversed the beneficial effect of RIC on both hematoma clearance and edema development ([Fig. 4 B](#fig4){ref-type="fig"}). Consistent with a functional role for infiltrating macrophages in neurological recovery, RIC-mediated hematoma resolution was absent in CCR2^−/−^ mice, but not in WT mice, at day 5 after ICH (Fig. S3, A and B). Further analysis of peri-hematoma brain tissue revealed a reduction in the accumulation of CD11b^+^, CD45^+^-infiltrated macrophages in CCR2^−/−^ mice after ICH. Myeloid expression of the scavenger receptor, CD36, was blunted in CCR2^−/−^ mice, as compared with WT mice; however, we did not observe any differences between WT and CCR2^−/−^ mice in the regulation of F4/80, Ly-6C^low^, or Ly-6C^hi^ myeloid cells following RIC (Fig. S3, C and D).

![**Macrophage activation is required for RIC-induced hematoma resolution after ICH. (A)** Control liposomes (encapsome) or clodronate liposomes (clodrosome) were administered intraperitoneally to mixed sex C57BL/6J littermates for three consecutive days to deplete myeloid cells. Monocyte/granulocyte populations were identified using FSC/side scatter (SSC) and myeloid cell depletion was quantified in CD11b^+^, F4/80^+^ myeloid cells. Inset numbers indicate the percentage of total blood cells. Data are representative of *n* = 8 mice/group from two independent experiments. **(B)** Mixed sex C57BL/6J littermates were administered either encapsome or clodrosome for three consecutive days, as indicated in A. Mice were then randomized to receive once-daily mock conditioning or bilateral RIC beginning at 2 h after collagenase-induced ICH. Hematoma volume and edema volume were quantified by MRI at day 5 after ICH. Bar, 4 mm. Data are mean ± SEM from *n* = 8/group and were analyzed using a Student's *t* test (\*\*, P \< 0.01; ns, not statistically significant). Data are representative of two independent experiments.](JEM_20171905_Fig4){#fig4}

To further investigate the contribution of macrophages toward RIC-induced recovery, CFSE-labeled donor macrophages were intravenously administered to recipient mice immediately after injury. Whereas the absolute number of infiltrating macrophages was unaffected, RIC induced an injury-independent polarization of CFSE-labeled macrophages toward an anti-inflammatory (CFSE^+^, CD11b^+^, F4/80^+^, CD206^+^, IL-10^+^) phenotype, as compared with mock-conditioned mice ([Fig. 5, A--C](#fig5){ref-type="fig"}). Conversely, pro-inflammatory (CFSE^+^, CD11b^+^, CD206^−^, F4/80^+^, TNF-α^+^) macrophages were either unchanged or decreased in blood or brain, respectively, by RIC ([Fig. 5, A--C](#fig5){ref-type="fig"}). In line with these data obtained using CFSE-labeled macrophages, RIC increased the expression CD11b^+^, CD206^+^, IL-10^+^ anti-inflammatory macrophages, but not CD11b^+^, CD206^−^, TNF-α^+^ pro-inflammatory macrophages, in parabiotes ([Fig. 5 D](#fig5){ref-type="fig"}). The shift toward an anti-inflammatory macrophage phenotype suggests potential utility for RIC as a prophylactic treatment and/or as a post-injury intervention to establish a favorable niche for tissue recovery. Moreover, RIC significantly increased the expression of both CD206 (P \< 0.0001) and IL-10 (P \< 0.0001) in infiltrated CD11b^+^, CD45^HI^ brain macrophages, as compared with mock conditioning after ICH ([Fig. 6](#fig6){ref-type="fig"}). We also observed increased myeloid expression of the scavenger receptor, CD36, in both circulating CD11b^+^, CD68^+^ monocytes (P \< 0.05 vs. mock conditioning) and CD11b^+^, CD45^HI^ brain-infiltrated macrophages (P \< 0.001 vs. mock conditioning) after ICH ([Fig. 6](#fig6){ref-type="fig"}) and a selective elevation in the expression of MerTK, which is implicated in myelin phagocytosis, in brain-infiltrated macrophages after ICH (P \< 0.01 vs. mock conditioning). In contrast, RIC did not significantly affect the myeloid expression of MHC-II, Ly6G, or Ly6C in either blood or brain macrophages after traumatic brain injury ([Fig. 6](#fig6){ref-type="fig"}).

![**RIC promotes anti-inflammatory macrophage polarization. (A and B)** CFSE-labeled donor macrophages were intravenously administered (5 × 10^5^ cells/recipient) to male C57BL/6J littermates at 1 h after sham or collagenase-induced ICH. Mice were randomized to receive once-daily mock or RIC beginning at 2 h after injury, and both blood and brain tissue were collected at 72 h after sham/ICH. Live cells were gated according to the FSC/SSC profile and further gating was performed to detect CD11b^+^, CFSE^+^ cells populations. The effect of RIC on the phenotype of blood and brain macrophages were further defined as anti-inflammatory (CFSE^+^, CD11b^+^, F4/80^+^, CD206^+^, IL-10^+^) or pro-inflammatory (CFSE^+^, CD11b^+^, CD206^−^, F4/80^+^, TNF-α^+^). Data are mean ± SEM from *n* = 6 mice/group and were analyzed by one-way ANOVA followed by Tukey's post-hoc test (\*\*, P \< 0.01; \*\*\*\*, P \< 0.0001; ns, not statistically significant). Data are representative of two independent experiments. **(C)** Graphic representation of the ratio of pro-inflammatory/anti-inflammatory macrophages, as determined in B. **(D)** Representative histograms and graphic representation of the ratio of pro-inflammatory/anti-inflammatory macrophages in blood collected from parabiotic pairs, as defined in A. Data are mean ± SEM from *n* = 6 pairs/group and are representative of two independent experiments.](JEM_20171905_Fig5){#fig5}

![**RIC induces anti-inflammatory macrophage polarization after ICH. (A and B)** Mixed sex C57BL/6J littermates were randomized to receive once-daily mock conditioning or bilateral RIC beginning at 2 h after sham or collagenase-induced ICH. Phenotypic analysis of macrophages was performed in peri-hematoma brain tissue (0.2 g) or blood (B; 200 µl) at 72 h after sham, ICH with mock conditioning (ICH), or ICH+RIC. Live cells were gated using FSC/SSC and CD11b^+^F4/80^+^ cells were further selected. CD11b^+^CD45^hi^-infiltrated myeloid cells and CD11b^+^CD45^low^ residential myeloid cells were selected from brain tissue, or CD11b^+^CD68^+^ macrophages were selected from blood. Selected populations were further defined using F4/80, CD36, MerTK, MHC-II, CD206, Ly-6C, Ly-6G, or IL-10. Representative histograms are provided for each marker. Gray shaded areas indicate isotype controls. Quantified data, which are expressed as the mean ± SEM from *n* = 6 mice/group, were analyzed using a one-way ANOVA followed by Tukey's post-hoc test (\*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001; ns, not statistically significant) and are representative of two independent experiments.](JEM_20171905_Fig6){#fig6}

Myeloid AMPKα1 is necessary for RIC-induced hematoma resolution {#s05}
---------------------------------------------------------------

Myeloid cells expressed the AMPK catalytic subunit, AMPKα1, but not the AMPKα2 subunit ([Fig. 7 A](#fig7){ref-type="fig"}). AMPKα1 was basally phosphorylated in the brain of sham-operated mice, whereas an 88% reduction in phosphorylated AMPKα1 was observed in mock-conditioned mice after ICH (P \< 0.001 vs. sham; [Fig. 7 B](#fig7){ref-type="fig"}). RIC increased phosphorylated AMPKα1 by 1.9-fold and 1.7-fold within CD11b^+^, F4/80^+^-infiltrated myeloid cells after ICH, as compared with both sham-operated mice (P \< 0.01) and mock-conditioned ICH mice (P \< 0.01), respectively ([Fig. 7, B and C](#fig7){ref-type="fig"}). Next, we analyzed the effect of RIC on the phenotype of CD11b^+^, CD45^hi^-infiltrated brain macrophages in myeloid-specific AMPKα1 knockout mice (Fig. S4). Whereas RIC did not significantly affect myeloid expression of either F4/80, Ly6G, or MHC-II following sham or ICH in either WT or myeloid-specific AMPKα1 knockout mice, an ICH-dependent increase in the expression of both CD36 (P \< 0.01 vs. mock conditioned ICH mice) and MerTK (P \< 0.01 vs. mock conditioned ICH mice) was observed following RIC ([Fig. 7 D](#fig7){ref-type="fig"}). These RIC mediated changes were not observed in sham-injured mice (not significantly different from mock conditioning), nor did RIC induce these effects in myeloid-specific AMPKα1 knockout mice (not significantly different from mock conditioning; [Fig. 7 D](#fig7){ref-type="fig"}). Notably, RIC did not significantly affect the expression of CD206, a widely used marker of anti-inflammatory macrophages, or IL-10, a key regulatory cytokine, in either sham-operated WT or myeloid-specific AMPKα1 knockout mice. In contrast, RIC produced an AMPKα1-dependent increase in myeloid IL-10 expression following ICH (P \< 0.0001 vs. mock conditioning in WT ICH mice; not significantly different from mock conditioning in myeloid-specific AMPKα1 knockout mice), while RIC similarly increased CD206 expression in both genotypes after ICH (P \< 0.0001 vs. mock conditioned ICH mice of both genotypes; [Fig. 7 D](#fig7){ref-type="fig"}). In parallel to these changes, the beneficial effects of RIC on hematoma resolution and edema development were eliminated in myeloid-specific AMPKα1 knockout mice, as compared with WT mice ([Fig. 7 E](#fig7){ref-type="fig"}). Moreover, the improvements in motor function (e.g., narrow beam test, grim strength test, elevated body swing test) observed following RIC were eliminated in myeloid-specific AMPKα1 knockout mice (Fig. S5), implicating myeloid AMPKα1 as a key molecular switch responsible for neurological recovery after RIC.

![**Myeloid AMPKα1 mediates hematoma resolution after RIC. (A)** Western blot analysis of AMPKα1 and AMPKα2 subunits in microglia, macrophages, CD4^+^ T cells, and liver (positive control). β-actin was used as a loading control. **(B)** Phosphorylated AMPKα1/2 (p-AMPKα1/2) and total AMPKα were assessed in brain tissue of male C57BL/6J mice at day 5 after sham/ICH by Western blotting. Densitometry analysis, which are expressed as the mean ± SEM from *n* = 6 mice/group, were analyzed using a one-way ANOVA followed by Tukey's post-hoc test (\*\*\*, P \< 0.001; ns, not statistically significant) and are representative of two independent experiments. **(C)** Phosphorylated AMPKα1 (p-AMPKα1) was assessed in brain tissue of male C57BL/6J mice at day 5 after sham/ICH by flow cytometry. Data are expressed as the mean ± SEM from *n* = 6 mice/group and were analyzed using a one-way ANOVA followed by Tukey's post-hoc test (\*\*, P \< 0.01; ns, not statistically significant). Data are representative of two independent experiments. **(D)** Mixed sex WT (AMPKα1^f/f^) or myeloid-specific AMPKα1 knockout (LysM^Cre^AMPKα1^f/f^) littermates were randomized to sham/collagenase-induced ICH groups and received either mock conditioning or RIC beginning at 2 h after injury. At 72 h after injury, macrophages were phenotypically defined in peri-hematoma brain tissue (0.2 g) after sham, sham + RIC, ICH with mock conditioning, or ICH+RIC. Live cells were gated using FSC/SSC and CD11b^+^F4/80^+^ cells were selected. CD11b^+^CD45^hi^-infiltrated macrophages were further defined using F4/80, CD36, MerTK, MHC-II, CD206, Ly-6G, or IL-10. Representative histograms are provided for each marker and isotype controls are indicated by gray shaded areas. Data from two independent experiments are expressed as the mean ± SEM from *n* = 6 mice/group and were analyzed using a one-way ANOVA followed by Tukey's post-hoc test (\*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001; ns, not statistically significant). **(E)** Mixed sex AMPKα1^f/f^ or LysM^Cre^AMPKα1^f/f^ littermates were randomized to sham/collagenase-induced ICH groups and received either mock conditioning or RIC beginning at 2 h after injury. At day 5 after sham/ICH, hematoma volume and edema were assessed by MRI. Representative images are shown and quantified data are mean ± SEM from *n* = 8 mice/group. Bar, 4 mm. Data were analyzed using a one-way ANOVA followed by Tukey's post-hoc test (\*\*, P \< 0.01; \*\*\*, P \< 0.001; ns, not statistically significant) and are representative of three independent experiments.](JEM_20171905_Fig7){#fig7}

Myeloid CD36 mediates hematoma resolution and white matter sparing after RIC {#s06}
----------------------------------------------------------------------------

To demonstrate a causative role for myeloid CD36 in intrinsic clot resolution, irradiation bone marrow chimera studies were used whereby myeloid CD36 was completely eliminated ([Fig. 8 A](#fig8){ref-type="fig"}). Whereas transplantation of CD36 knockout (CD36^−/−^) bone marrow into WT recipient mice (CD36^−/−^ \>\> WT) eliminated the protective ability of RIC on hematoma resolution and edema development, introduction of WT bone marrow into irradiated CD36^−/−^ (WT \>\> CD36^−/−^) mice led to a 53% reduction in hematoma volume (P \< 0.05 vs. mock conditioning) and 53% reduction in edema formation (P \< 0.05 vs. mock conditioning; [Fig. 8 B](#fig8){ref-type="fig"}). Lastly, we explored the long-term effects of RIC on white matter damage. RIC attenuated long-term white matter loss after ICH, with prominent protection observed in white matter regions adjacent to the resolved hematoma, including the lateral corpus callosum, fimbria, and internal capsule ([Fig. 9, A--D](#fig9){ref-type="fig"}). The ability of RIC to prevent white matter loss was observed throughout the corpus callosum and fimbria of WT \>\> CD36^−/−^ chimera mice ([Fig. 9 E](#fig9){ref-type="fig"}). RIC also spared white matter in CD36^−/−^ \>\> WT chimera mice, albeit to a lesser magnitude and over a smaller anatomical region as compared with WT \>\> CD36^−/−^ mice ([Fig. 9 E](#fig9){ref-type="fig"}). In line with these findings, RIC failed to prevent ventricular enlargement, an anatomical measure of cognitive impairment, in CD36^−/−^ \>\> WT chimera mice whereas ventricular size was reduced in WT \>\> CD36^−/−^ mice ([Fig. 9 F](#fig9){ref-type="fig"}). Thus, myeloid CD36 expression may be critical for the ability of RIC to enhance both acute and long-term neurological function after ICH.

![**Myeloid CD36 mediates hematoma resolution by RIC. (A)** Schematic depicting the generation of myeloid-specific CD36 knockout mice using an irradiation bone marrow chimera approach. Male WT (C57BL/6J) or CD36^−/−^ mice were irradiated and reconstituted using bone marrow from either genotype, as indicated. Flow cytometric analysis of blood (200 µl) collected from mice at 4 wk after bone marrow transplant, showing successful generation of chimeric mice following transplantation of CD36^−/−^ bone marrow into irradiated WT mice (CD36^−/−^ \>\> WT) or transplantation of WT bone marrow into irradiated CD36^−/−^ mice (WT \>\> CD36^−/−^). Inset numbers represent the percentage of CD36^+^, CD11b^+^ myeloid cells. **(B)** WT \>\> CD36^−/−^ mice and CD36^−/−^ \>\> WT mice were randomized to sham/ICH groups and received either mock conditioning or RIC. At day 5 after sham/ICH, MRI was used to assess hematoma volume and cerebral edema. Bar, 4 mm. Representative images are depicted and data are expressed as mean ± SEM from *n* = 8 mice/group. Data were analyzed using a one-way ANOVA followed by Tukey's post-hoc test (\*, P \< 0.05; \*\*, P \< 0.01; ns = not statistically significant) and are representative of two independent experiments.](JEM_20171905_Fig8){#fig8}

![**Myeloid-specific deletion of CD36 increases long-term white matter injury after ICH. (A)** Mixed sex C57BL/6J littermates were randomized to receive once-daily mock conditioning or bilateral RIC beginning at 2 h after sham or collagenase-induced ICH. White matter was assessed in coronal brain sections by LFB staining at 8 wk after injury. Bar, 1 mm. **(B)** Sequential micrographs (20× magnification) demonstrate a sparing effect of RIC on white matter after ICH. Bar, 100 µm. Roman numerals (*i.*--*vii*.) denote anatomical locations, as indicated in C. Bar, 1 mm. Data are representative of *n* = 5--7 mice/group from two independent experiments. **(D)** White matter loss was quantified by mean integrated density and LFB grading score in regions adjacent to the clot location, including the lateral corpus callosum, fimbria, and internal capsule. Representative tissue sections are shown in B (\*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001). **(E)** Male WT \>\> CD36^−/−^ and CD36^−/−^ \>\> WT chimera mice were generated, as in [Figure 8](#fig8){ref-type="fig"}, randomized to sham/ICH groups, and received either mock conditioning or RIC. At 8 wk after injury, white matter loss was quantified by mean integrated density in selected brain regions. Data are representative of *n* = 6 mice/group from two independent experiments and were analyzed using a one-way ANOVA followed by Tukey's post-hoc test (\*, P \< 0.05; \*\*\*, P \< 0.001; ns, not statistically significant). **(F)** Ventricular enlargement, a common manifestation of white matter loss, was quantified by fluid attenuation inversion recovery at 1 mo after ICH in WT \>\> CD36^−/−^ and CD36^−/−^ \>\> WT chimera mice. Data are mean ± SEM from *n* = 5--7/mice group and were analyzed using a one-way ANOVA followed by Tukey's post-hoc test. Data are representative of two independent experiments.](JEM_20171905_Fig9){#fig9}

Discussion {#s07}
==========

ICH, a severe neurological injury that produces 1-yr mortality rates of 60%, is associated with the recovery of functional independence in \<20% of survivors after 6 mo ([@bib17]; [@bib22]; [@bib16]; [@bib79]; [@bib67]; [@bib7]). This poor prognosis has remained unchanged for decades, and no FDA-approved therapies presently exist to enhance quality of life among ICH survivors. As the incidence of ICH is expected to double over the next several decades due to an aging population and changes in racial demographics ([@bib67]), there is a dire need for efficacious interventions to improve patient outcomes. In this study, we used diverse in vivo approaches to identify RIC as a safe, noninvasive, and clinically feasible therapy to modulate innate immune activation and accelerate hematoma resolution in two clinically relevant mouse models of ICH.

An important, yet unexpected, observation was that innate immune modulation mechanistically linked the repetitive cuff inflation--deflation on a remote limb with hematoma resolution after ICH. Specifically, the beneficial effects of RIC were dependent on AMPK, an energy-sensing, serine/threonine kinase that functions as a cellular metabolic switch. Emerging evidence suggests immunometabolic changes, including increased glucose uptake, elevated glycolysis, and enhanced activation of the pentose phosphate pathway, mechanistically define inflammatory activation and polarization ([@bib63]). That RIC selectively activated myeloid AMPKα1 to enhance anti-inflammatory macrophage polarization is in line with reports showing AMPK inhibits fatty acid synthesis, a key regulatory pathway of pro-inflammatory macrophage polarization ([@bib4]), in bovine mammary epithelial cells ([@bib53]). Our findings also are supported by data showing global AMPKα1 deletion impaired anti-inflammatory signaling in response to IL-10 and amplified pro-inflammatory myeloid activity, whereas AMPK activation increased pro-inflammatory macrophage polarization ([@bib69]; [@bib8]; [@bib85]; [@bib49]). In addition to demonstrating a mechanistic role for AMPK in restraining pro-inflammatory activation, our data implicate RIC as a clinically amenable therapy to restore activated AMPK and to polarize innate immune responses toward a reparative, anti-inflammatory phenotype. Our findings also suggest that the assessment of myeloid metabolic status may provide a simple, pharmacodynamic biomarker to monitor the biological response to RIC. Similarly, an increased ratio of anti-inflammatory/pro-inflammatory macrophages may provide an alternative and easily obtained surrogate blood biomarker of therapeutic efficacy after RIC.

Myeloid cell depletion prevented both spontaneous and RIC-induced hematoma resolution after ICH, supporting a role for macrophages in tissue repair and phagocytosis. CD36 is an integral cell membrane protein and type B scavenger receptor expressed by multiple cells types that mediates phagocytosis of erythrocytes, as well as damaged and senescent cells ([@bib83], [@bib84]; [@bib20]). Interestingly, patients with a CD36 deletion exhibit delayed hematoma resorption and worse neurological outcomes after ICH, while global genetic deletion of CD36 attenuated clot absorption after experimental ICH in mice ([@bib19]). While implicating CD36 as a critical mediator of hematoma resorption after a brain hemorrhage, translational approaches to exploit the therapeutic potential of CD36 are lacking. Consistent with reports showing AMPK activation increases the membrane translocation of CD36 ([@bib70]), the ability of RIC to increase CD36 expression in brain-infiltrated macrophages was lost in myeloid-specific AMPKα1 knockout mice after ICH. Coupled with our chimera studies that demonstrated a critical, functional role for myeloid CD36 expression in RIC-mediated hematoma resolution, RIC may provide a clinically safe approach to harness the protective effects of CD36. Moreover, myeloid expression of CD36 may provide another potential biomarker to monitor acute recovery in peripheral blood after traumatic brain injury.

Beyond the devastating, acute effects of the hematoma, cognitive dysfunction and gait disorders are frequent long-term consequences of white matter injury in ICH survivors ([@bib45]). We reported that global AMPKα1 knockout mice exhibited severe demyelination in an experimental autoimmune encephalomyelitis model of multiple sclerosis ([@bib49]), whereas chronic daily RIC limited white matter loss after experimental vascular cognitive impairment ([@bib39]) and ICH (this study). Notably, administration of anti-inflammatory monocytes reversed active demyelination and supported oligodendrocyte differentiation during CNS remyelination ([@bib57]). As oligodendrocyte precursor cells proliferated and differentiated within white matter tracts after ICH ([@bib37]), our observed, AMPK-dependent increase in anti-inflammatory macrophage polarization may support both acute (hematoma resolution) and long-term (attenuated white matter loss, remyelination) recovery by RIC after ICH. These important possibilities will be the subject of future mechanistic exploration by our laboratory to better define the optimal timing, duration, and conditions to maximize recovery in ICH patients. These studies also may provide critical information to support the utility of RIC in other acute neurological injuries, such as ischemic stroke and traumatic brain injuries.

Our findings suggest that RIC could be a safe, simple, and effective treatment for intracranial hemorrhages; however, our study possesses several limitations. First, the experimental model used may not accurately mimic all aspects of the human ICH condition. The intrastriatal injection of collagenase recapitulates the spontaneous vascular rupture and hematoma expansion observed in clinical ICH; however, this model induces an exaggerated inflammatory response that may contribute toward neurological injury. To circumvent this issue, we included a second model whereby a fixed volume of autologous blood was directly placed into the striatum. Our proof of concept and early stage translational studies used young, healthy, and genetically similar mice. The inclusion of mice with common comorbidities, such as hypertension and diabetes, are needed to further advance the translational potential of RIC after ICH. Mechanistically defining how transient ischemia alters immunometabolism remains a translational obstacle. Shear stress induced by inflation of the blood pressure cuff likely mediates the observed effects, yet it remains unknown whether these effects occur directly at the level of the immune cell and/or may involve an intermediary cell type. In support of the latter possibility, plasma nitrite, a circulating mediator of RIC ([@bib15]; [@bib32]), is associated with increased AMPK activation ([@bib43]; [@bib44]). Thus, further exploration of the role of the vasculature in mediating the immunoregulatory functions of RIC may be necessary to refine the frequency, duration, and/or optimal cycle number of RIC. Regardless of the mechanism, our findings are consistent with a report showing a single bout of RIC (three cycles × 10-min duration) failed to affect hematoma volume in rats when initiated at 1 h after ICH ([@bib23]). More importantly, the regimen of RIC used in this report to modulate macrophage polarization and to accelerate hematoma resolution is identical to the clinical protocol implemented in the phase II remote ischemic conditioning after stroke trial, which showed RIC was safe, well-tolerated, and efficacious in acute ischemic stroke patients ([@bib31]; [@bib18]).

Based on our findings, RIC may possess broad utility in a variety of other indications beyond ICH, including traumatic brain injury, subdural hematoma, epidural hematoma, and arteriovenous malformations. RIC also may accelerate the recovery of peripheral injuries, including intra-abdominal, peritoneal, splenic, hepatic, or intramuscular hematomas. Of significance, delivery of a regimen of RIC identical to that used in this report improved the 90-d National Institutes of Health (NIH) Stroke Scale score and reduced vascular events in a pilot randomized placebo controlled trial of 26 acute ischemic stroke patients (13 sham conditioned, 13 RIC; [@bib18]); however, it is important to note that initiation of RIC was delayed by an average of 15.8 h after ictus and that patients receiving hyperacute stroke treatments, such as stroke thrombolysis, were excluded. With respect to the timing of RIC delivery, a randomized, proof-of-concept clinical trial of paramedic-administered remote ischemic per-conditioning in 443 patients (247 received treatment, 196 received standard of care) exhibiting symptoms of acute stroke revealed an overall neutral effect, although a significant reduction in tissue risk of infarction was observed ([@bib34]). Importantly, in this latter trial designed to assess safety and feasibility, ∼18% of patients receiving remote per-conditioning did not complete the full four cycles of inflation and deflation due to a short transport time. Given the apparent importance of cycle number and duration on immunometabolic regulation of macrophages in this study, future clinical investigation may be warranted to further optimize and refine the conditions to maximize the long-term benefits of RIC. Finally, recanalization with thrombolytics is efficacious within a narrow therapeutic window after acute ischemic stroke, but is contraindicated in patients with extra- or intra-axial hemorrhage. As ∼15% of patients initially presenting with stroke symptomology are ultimately diagnosed with ICH, time- and resource-intensive radiological confirmation of stroke subtype is required before treatment initiation. Given the simplicity to administer, minimal required training, and lack of required specialized equipment, implementation of RIC immediately upon suspected stroke diagnosis may be warranted, including use during emergency transport, in community/rural hospitals, or within emergency departments to provide an early and critical "low risk, high reward" therapeutic option.

Materials and methods {#s08}
=====================

Study design {#s09}
------------

The primary objective of this study was to test the hypothesis that RIC is efficacious in experimental models of ICH. A secondary objective was to test the hypothesis that the beneficial effects of RIC were dependent on immunometabolic regulation of macrophage polarization after ICH. Primary study endpoints included hematoma volume, edema, and neurobehavioral outcomes. For all studies, mice were used as the research subject in these controlled laboratory experiments. Studies used a double-blinded study design, and mice were randomized to treatment groups in a predetermined manner by a study coordinator separate from the surgeon. Toward this end, each mouse was ear-tagged with a subject number that was maintained by a blinded study coordinator that was unaware of treatment groups or endpoint. Blinded investigators performed all data acquisition of outcome measures (e.g., magnetic resonance imaging \[MRI\], behavior, flow cytometry). Following final data acquisition, mice were decoded, and final analyses were performed. Power analysis for one-way ANOVA and *t* test was conducted a priori to determine a sufficient sample size using α = 0.05 and β = 0.10. No experimental subjects were removed from the study, and all data are included in the final analysis.

ICH model {#s10}
---------

Animal studies were reviewed and approved by the Institutional Animal Care and Use Committee at Augusta University, in compliance with NIH guidelines. A mouse collagenase model of ICH was used for most studies, per our laboratory ([@bib74]). In brief, mixed sex C57BL/6J mice (8--10 wk old; Jackson Laboratories, stock no. 004999) or CCR2^−/−^ mice (Jackson Laboratories, stock no. 004999) were placed into a stereotactic frame and a 0.5-mm diameter burr hole was drilled over the parietal cortex, 2.2 mm lateral to the bregma. A 26-G Hamilton syringe, loaded with 0.04 U of bacterial type IV collagenase in 0.5 µl saline, was lowered 3 mm deep from the skull surface directly into the left striatum. The syringe was depressed at a rate of 450 nl/min and left in place for several minutes after the procedure to prevent solution reflux and excess diffusion. For the autologous blood injection model, 30 µl of blood was injected directly into the striatum using a 22-G Hamilton syringe, as we detailed previously. In both models, sham injured mice received intrastriatal administration of saline to control for any tissue damage due to the injection. After the syringe was removed, bone wax was used to close the burr hole, the incision was surgically stapled, and mice were kept warm until recovery of the righting reflex. For all studies, littermates were used to reduce a source of experimental variability.

RIC {#s11}
---

An automated blood pressure instrument was modified to produce cuff-based, noninvasive, bilateral RIC in the mouse hind limbs (Hatteras Instruments). Starting at 2 h after ICH (a time point conservatively associated with initial medical evaluation of ICH patients) and continuing daily thereafter, RIC was performed in isoflurane-anesthetized mice, per our group with minor modifications ([@bib33]). In brief, mice were placed on a thermoregulated bed to maintain body temperature at 37°C and slightly stretched limbs were secured using paper tape. Customized mouse limb cuffs were wrapped on each hind limb, and RIC was performed as four cycles × 5 min/cycle at 200 mmHg using a 5-min reperfusion interval. Mock-conditioned mice were anesthetized in an identical manner to the RIC group. Mock-conditioned groups were secured in a mouse holder, but the blood pressure cuff was not inflated, controlling for any effects of anesthesia, stress, or handling. This clinically used protocol is well tolerated and does not induce discomfort or distress, as we reported ([@bib33]). Following the treatment regimen, mice were placed into a clean home cage and monitored until conscious.

Quantification of hematoma volume {#s12}
---------------------------------

Mice were euthanized under deep (5%) isoflurane anesthesia, and 2-mm-thick coronal brain slices were prepared using a mouse brain matrix. Brain slices were imaged using a high-resolution (24 pixels/mm) scanner. Hematoma size was calculated by a blinded investigator using ImageJ version 1.37 software (NIH), as adapted from [@bib77]. In brief, a binary image was created with the hematoma appearing black and remaining brain tissue appearing white ([@bib21]). Total hematoma area was converted to volume by multiplying by slice thickness and expressed as mean hematoma volume (mm^3^).

Laser speckle contrast imaging (LSCI) {#s13}
-------------------------------------

LSCI was performed as reported by our laboratory ([@bib33]), with minor modifications. In brief, mice were anesthetized using isoflurane and a midline incision was produced. Perfusion images were acquired using PeriCam high resolution LSCI (PSI system, Perimed) with a 70-mW built-in laser diode for illumination and 1388 × 1038-pixel charge-coupled device camera installed 10 cm above the skull (speed, 19 Hz; exposure time, 6 ms). Acquired images were analyzed for dynamic changes in cerebral blood flow using PIMSoft. As both anesthesia and injury affect cerebral perfusion within the contralateral hemisphere, the absolute value from the ipsilateral side was normalized with the value from contralateral side and calculated as percent change. Body temperature was maintained at 37 ± 0.5°C throughout the experiment.

MRI {#s14}
---

Mice were anesthetized with isoflurane (3% for induction, 1.5% for maintenance in a 2:1 mixture of N~2~/O~2~) and imaged using a horizontal 7 Tesla BioSpec MRI spectrometer (Bruker Instruments) equipped with a 12-cm self-shielded gradient set (45 gauss/cm max). Radio frequency pulses were applied using a standard transmit/receive volume coil (72-mm internal diameter) actively decoupled from the two-channel Bruker quadrature receiver coil positioned over the centerline of the animal skull. Stereotaxic ear bars were used to minimize movement during the imaging procedure. Mouse temperature was maintained at 37 ± 0.5°C using a pad heated by a recirculating water bath. After positioning using a triplanar fast low angle shot sequence, MR studies were performed using T1-, T2-, and T2\*-weighted MRI scans. The following parameters were used to acquire MRI: (1) Standard T1-weighted multi-slice sequence (repetition time \[TR\]/echo time \[ER\] = 500/10 ms; 256 × 256 matrix; 13--15 slices; 1 mm thick; 32-mm field of view \[FOV\]; number of excitation \[NEX\] = 4). (2) T2--fluid attenuation inversion recovery sequence (RARE-IR, TI = 2000; TR = 10,000 ms; TE = 36 ms; RARE factor = 8; FOV = 32 mm; 256 × 256 matrix; 1-mm slice thickness; 15 slices). (3) T2\* mapping sequence (2D gradient echo sequence with multiple echoes; TE = 5, 10, 15, 20, 25, and 30 ms; TR = 3,000 ms; FOV = 32 mm; 1-mm slice thickness \[15 slices\]; 256 × 256 matrix; NEX = 2). Acquired images were segmented volumetrically using ImageJ software and hematoma volumes were computed. T2\*W images were further processed using Bruker software to yield susceptibility-weighted images ([@bib71]), providing an alternative method of segmentation and quality control reference for clot volumes. Both hematoma and ventricular volume were determined by drawing irregular regions of interest (ROIs) on all MRI sections containing the lesions/ventricle and the summed values (area) were multiplied by the thickness of the slice to calculate the volume. The analysis was done using ImageJ software.

Parabiosis {#s15}
----------

Mice were treated with ketofen (2 mg/kg), and anesthetized using a ketamine (100 mg/kg)-xylazine (10 mg/kg) cocktail. Skin on the opposing sides of each mouse was shaved, cleaned, and swabbed with alcohol and betadine solutions. A longitudinal incision was made along the opposing sides of each mouse. Skin around the incision was freed by blunt dissection, and the ventral edges of the incisions were sutured together with 2-0 silk. Femora were exposed by separating surrounding muscles, taking care not to tear muscle or to damage the nerve. Periosteum was scraped off approximately one half of the length of each bone, and the bones were pulled together by suturing twice around the two bones using 2-0 silk. Muscles around the bones were joined with three deep sutures placed to support the boney union. The scapulae were exposed by removing covering muscles and scraping the periosteum from the exposed surface. Scapulae were joined by suturing through the bones twice using 4-0 silk and taking care not to splinter the bones. Surrounding muscles were joined by suture. Muscles of the thoracic wall and peritoneal walls of the two animals were joined by shallow suture using 4-0 silk to prevent fluid accumulation in the space between animals. Finally, the dorsal edges of the incisions were sutured together. Blood exchange between the parabiotes was confirmed 15 d post-operatively by injecting Evans blue dye intravenously to one parabiote partner. Blood samples (100 µl) were collected by retro-orbital bleeding of both the partners 40 min after Evans blue injection. Blood samples were centrifuged, and optical density of serum was determined at 625 nm. The rate of exchange between parabiotes is routinely 1--1.5% per minute such that total blood volume of each animal exchanges 15--20 times/d.

Generation of myeloid-specific AMPKa1 knockout mice {#s16}
---------------------------------------------------

LysM^Cre^ mice (B6.129P2-Lyz2^tm1(cre)lgo^/J; Jackson Laboratories, stock no. 004781), which harbor a nuclear localized Cre recombinase inserted into the first coding ATP of the *lysozyme 2* gene, were mated with AMPKα1^f/f^ mice (Prkaa1^tm1/1Sjm/^J: Jackson Laboratories, stock no. 014141), which possess loxP sites flanking exon 3 of the *AMPKα1* gene. AMPKα1^f/f^ mice were backcrossed to C57BL/6J mice for at least 10 generations. Successful mating was confirming by PCR genotyping and by flow cytometry analysis of AMPK expression in myeloid cells. Littermates were used in all experimental procedures

Bone marrow chimeras {#s17}
--------------------

C57BL/6J or CD36^−/−^ (B6.129S1-CD36^tm1Mfe^/J; Jackson Laboratories, stock no. 019006) recipient mice were whole-body irradiated with sub-lethal dose of 6 Gy (Cs137). After 24 h, recipient mice were intravenously injected with 5 × 10^6^ bone marrow cells collected from WT or CD36^−/−^, as detailed by our laboratory ([@bib6]). Beginning at 2 wk after transplantation, 10 µl of blood was collected from the orbital sinus and CD36 expression was measured in peripheral blood using flow cytometry. Blood from C57BL/6J mice without irradiation or cell transplantation was used as a control. Efficient (\>75%) engraftment of bone marrow was present by day 28. On day 30, mice were subjected to sham/ICH.

Preparative and analytic flow cytometry {#s18}
---------------------------------------

Freshly harvested brain tissue (0.2 g) was sieved through a 100-µM cell strainer, followed by centrifugation (1,500 rpm, 10 min) to prepare single-cell suspensions. Blood (200 µl) was collected via cardiac puncture or via the retro-orbital sinus. Cells were incubated with antibodies against the following conjugated cell surface markers: CD11b (BD Biosciences, 557396, Clone M1/70), F4/80 (BD Biosciences, 565613, Clone T45-2342), CD206 (BD Biosciences, Cat 565250, Clone MR5D3), MerTK (eBioScience, 12-5751-82, Clone DS5MMER), CD68 (BioLegend, 137010, Clone FA-11), CD36, (BioLegend, 102604, Clone HM36), MHC-II (Novus, NBP1-28161, Clone NIMR-4), Ly-6G (BioLegend, 127603, Clone 1A8), and Ly-6C (BioLegend, 128021, Clone HK1.4). Following a PBS wash, cells were fixed and permeabilized using a Fixation/Permeabilization Concentrate (Affymetrix eBioscience) and then incubated with antibodies for intracellular labeling of phosphorylated AMPK~α1/2~^Thr183/Thr172^ (Bioss, bs-4002R-Cy7), IL-10 (BioLegend, 505009, Clone JES5-16E3), or TNF-α (BD Biosciences, 560659). After a final wash, cells were analyzed using a four-color flow cytometer (FACSCalibur, BD Biosciences), and CellQuest software (BD Biosciences), as we described previously ([@bib6]). Isotype-matched controls were analyzed to set the appropriate gates for each sample. For each marker, samples were analyzed in duplicate. To minimize false-positive events, the number of double-positive events detected with the isotype controls was subtracted from the number of double-positive cells stained with corresponding antibodies (not isotype control), respectively. Viable cells were visibly differentiated from debris by gating on live cells with high forward scatter (FSC) and positivity for specific antibodies. Single stains were performed for compensation controls, controls to check for fluorescence spread, and isotype controls were used to determine the level of nonspecific binding. Cells expressing a specific marker were reported as a percentage of the number of gated events.

Macrophage depletion {#s19}
--------------------

A clodronate macrophage depletion kit, containing control liposomes (Encapsome) and clodronate liposomes (Clodrosome; Encapsala NanoSciences), was used to deplete endogenous myeloid cells. Intraperitoneal administration of 200 µl of placebo or clodronate liposomes (5 mg/ml) was performed once daily for three consecutive days. At 24 h after the final injection, blood was collected via the retro-orbital sinus, and myeloid cell (CD11b^+^, F4/80^+^) depletion was confirmed by flow cytometry, per our laboratory ([@bib6]). Depletion rates \>90--95% were routinely achieved using this approach. Sham or ICH was induced upon the confirmation of myeloid cell depletion.

Adoptive transfer of CFSE-labeled macrophages {#s20}
---------------------------------------------

Total splenocytes and bone marrow were collected, enriched, and CD11b^+^ CD68^+^ F4/80^+^ macrophages were consecutively sorted three times by magnetic bead isolation (Miltenyi Biotech) to achieve \>95% purity. Purified macrophages were labeled with 5 µM CFSE (Molecular Probes), a green fluorescent cell staining dye, and resuspended in sterile PBS, as we described ([@bib72]). A total of 6 × 10^5^ cells/mouse were injected via the tail vein immediately after sham/ICH. Trafficking and phenotypic assessment of adoptively transferred CFSE^+^ macrophages were analyzed by flow cytometry. Toward this end, 100 µl of blood or 0.2 mg brain tissue was collected from deeply anesthetized mice via cardiac puncture and assessed by flow cytometry, as detailed above.

Western blotting {#s21}
----------------

Whole cell lysates were prepared from 3-mm coronal sections centered upon the hematoma site and collected in radioimmunoprecipitation assay buffer. Protein concentrations were quantified using a BCA Protein Assay kit (Thermo Scientific), according to manufacturer's guideline. Equal amounts of protein (40 µg) were resolved in 10% SDS--polyacrylamide gels and transferred onto a nitrocellulose membrane. Blots were incubated overnight at 4°C in primary antibody 1:1,000 anti-AMPKα (Cell Signaling Technologies, 2532); 1:1,000 anti--phospho-AMPKα^Thr172^ (Cell Signaling Technology, 2535); or 1:8,000 anti--β-actin (Sigma-Aldrich) followed by a 1-h incubation at room temperature with HRP-conjugated anti-rabbit or anti-mouse secondary antibody (Jackson Immunoresearch). Blots were visualized using ECL Plus Western Blotting Detection System (Biorad), and densitometry analysis was performed using ImageJ software.

Behavioral tests {#s22}
----------------

### Neurological scoring {#s23}

Neurological injury was determined using a modified 24-point scale, as detailed by our laboratory after ICH ([@bib41]). This scale is comprised of six behavioral tests, each of which is graded from 0 (performs with no impairment) to 4 (severe impairment). A composite score was calculated as the sum of the grades on all six tests. Two investigators blinded to experimental treatment groups scored all data independently.

### Elevated body swing test {#s24}

Animals were held 1 cm from the base of the tail and suspended 1--5 cm above a flat surface. One swing was recorded for each suspension. A swing was defined as a \>10 degree deflection from body midline or rotation about the vertical axis. Mice were placed onto the surface between suspensions, allowed to visibly reposition so that no side preferences were observed, and then resuspended. The evaluator varied the hand and standing position, and the testing area was devoid of visual cues to avoid biasing the direction of swings. 20 swings were recorded per trial, and side preference was calculated as swings to one side/total swings.

### Narrow beam walk {#s25}

Motor coordination was evaluated on stationary narrow beam (6 mm wide, 1 m long) over three consecutive days. The first 2 d consisted of training and performance on the beam was quantified on the third day by measuring the time required to traverse the beam. Each mouse was tested three times by a blinded investigator and the average was recorded.

### Open field test {#s26}

Mice were placed in a 40 × 40 × 40 cm box for 10 min and activity was digitally recorded. Distance traveled, mean velocity, and time spent in center zone was determined using Ethovision XT video tracking software (Noldus Information Technology).

### Hanging wire test {#s27}

Grip strength was assessed by placing mice on an apparatus consisting of a 50-cm string pulled between two vertical supports. Mice were evaluated as follows: 0, falls off; 1, hangs onto string by two forepaws; 2, same as for 1 but attempts to climb on string; 3, hangs onto string by two forepaws plus one or both hind limbs; 4, hangs onto string by forepaws with tail wrapped around string; and 5, escapes. The highest reading of three successive trials was taken for each animal.

White matter injury {#s28}
-------------------

Mice were transcardially perfused with saline, and brains were removed and placed in chilled buffered formalin (10%). Luxol fast blue (LFB) staining was performed to detect white matter fiber density and myelin loss, as detailed by our laboratory ([@bib38]). Tissue sections were imaged using a Keyence BZ-X700 microscope and converted to 16-bit grayscale, and then binary images were created using NIH ImageJ software (0-white, 255-black; threshold value, 129). The mean integrated density of LFB staining was quantified by randomly selecting five ROIs within the white matter tract. The mean integrated density of the background was subtracted from each ROIs. White matter lesions also were visually graded, as previously detailed ([@bib78]). White matter was assessed by three independent investigators that were blinded to experimental groups. Scoring criteria were normal (Grade 0), disarrangement of nerve fibers (Grade 1), formation of marked vacuoles (Grade 2), or disappearance of myelinated fibers (Grade 3).

Statistical analysis {#s29}
--------------------

All data comparisons were made using GraphPad Prism software. Student's *t* tests were used for two-group comparisons. ANOVA followed by Tukey's post-hoc test was used for multiple group comparisons. Data are expressed as mean ± SEM. A P value of \<0.05 was considered to be significant.

Online supplemental material {#s30}
----------------------------

Fig. S1 demonstrates the placement and validation of RIC. Fig. S2 shows that RIC does not reduce initial hematoma size after ICH. Fig. S3 demonstrates that RIC-induced hematoma resolution is lost in CCR2^−/−^ mice. Fig. S4 indicates the breeding strategy used to generate myeloid-specific AMPKα1 knockout mice. Fig. S5 shows AMPKα1-dependent motor improvements by RIC after collagenase-induced ICH.
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